Pigmentation mutants of Mycobacterium aurum were isolated after chemical mutagenesis. Examination of the pigments extracted from these mutants indicated that at least 15 carotenoids were formed. b-Carotene was not detected and the major carotene of M . aurum appeared to be leprotene. The possible biosynthetic pathway is discussed on the basis of these results.
I N T R O D U C T I O N
Carotenoid pigments are widely distributed in the mycobacteria, and the ability of some species to form these pigments only after photoinduction has been used in qcobacterial taxonomy (Runyon, 1959) . However, the study of the distribution of types of carotenoids throughout the genus has not progressed sufficiently to assess their possible chemotaxonomic value. The mycobacteria most extensively investigated in this respect are Mycobacterium marinurn, M. kansasii, and M . phlei. The first two species form a-and P-carotene on photoinduction (Batra, 1971; David, 1974a) ; these pigments are the end-products of the biosynthetic pathway (Batra, 1971 ; Ebina et al., 1962; David, 1974b) . Mycobacterium phlei forms xanthophylls which were characterized as D-glucosides of carotenoids (Hertzberg & Liaaen-Jensen, 1967) .
Usually the intermediates of carotenoid synthesis are rapidly converted into the endproducts; mutants that accumulate some of the precursors may be useful for their isolation and characterization. This approach was used successfully by Griffiths & Stanier (1956) in their study of the pigments of Rhodopseudomonas spheroides. Furthermore, a normally minor end-product may accumulate in an appropriate mutant. This appeared to be the case in a mutant of M. phlei that accumulated large amounts of the glucosidic carotenoids referred to above.
We have begun to investigate the carotenoid pigments of M. aurum (Tsukamura, 1966) . This report describes the method of mutagenesis that proved useful for our purposes and gives a preliminary account of the distribution of the pigments formed by some of the mutants isolated. 
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METHODS
Bacteria and growth conditions. A strain of M . aurum from our culture collection was used. The bacteria (designated strain A+) were maintained on Lowenstein-Jensen slants. Bacteria for pigment analysis were grown in 100 or 200 ml nutrient broth (Difco) in 250 or 500 ml Erlenmeyer flasks.
Mutagenesis. N-Methyl-N'-nitro-N-nitrosoguanidine (MNNG) is an efficient mutagen in M. phlei (Konickova-Radochova & Malek, 1969) , so this compound was selected for mutagenesis of M. aurum. The required amount of freshly dissolved MNNG (Sigma) was added to the bacteria. The frequency of occurrence of mutants, related to the MNNG concentration, the time of exposure, and the time allowed to elapse after the removal of MNNG (by centrifugation), was estimated by plating appropriate dilutions of the bacterial suspensions on to Lowenstein-Jensen medium in Petri dishes. The cultures were incubated at 37 "C for 5 to 8 d. Mutant colonies were screened on the basis of their colour, colonies that differed from the parent strain being cloned for further analysis.
Isolation of carotenoid pigments. The harvested cells, suspended in a minimum volume of water, were extracted several times with chloroform/methanol (1 : 1, v/v). The extracts were dried in vucuo and the coloured residues were dissolved in pure acetone. The cloudy acetone extracts were refrigerated at 4 "C for several hours and then clarified by centrifugation. The coloured supernatants were dried and redissolved in 90 % (v/v) methanol. Saponification with 10% (w/v) KOH in methanoi for 2 h at room temperature did not change the chromatographic properties of the pigments and so this step was omitted in most extractions reported here.
Purification of the pigments. To the methanol extracts an equal volume of petroleum ether (b.p. 40 to 65 "C) was added, the mixtures were vigorously stirred with a vortex mixer, and the pigments were then allowed to partition. The epiphasic pigments were separated on chromatographic WN-3 neutral alumina (Sigma) in 15 x 4 cm columns. The columns were eluted by the stepwise addition of petroleum ether, and 1, 2, 5, 10 and 25% (v/v) acetone in petroleum ether, or by the stepwise addition of 1, 5,10, 25 and 50% (v/v) ether in petroleum ether. The eluted pigments were further purified by preparative thin-layer chromatography (t.1.c.) using silica gel G precoated plates (Merck). Normally, the solvent used was 2 % (v/v) acetone in hexane. The hypophasic pigments (xanthophylls) were separated on t.1.c. plates of silica gel G60; the solvent used most frequently was 10% (v/v) methanol in benzene.
Partial characterization of the pigments. The pigments were tentatively identified by comparing their absorption spectra and chromatographic properties with data in the literature (Goodwin, 1954; Davies, 1965) . The carotenoid content in the extracts was estimated at 450 nm (Liaaen-Jensen & Jensen, 1971).
Inhibition of carotenogenesis. The bacteria were grown in the presence of sub-inhibitory concentrations of nicotine (Koch-Light) and diphenylamine @PA; Sigma), compounds known to inhibit, respectively, the cyclization of lycopene (Howes & Batra, 1970) and the biosynthesis of the coloured carotenoids (Turian, 1950) . Nicotine was without effect in M. aurum, and its use was therefore abandoned. Bacteria grown in media containing lo-* M-DPA were colourless. To examine the biogenesis of the carotenoids, the DPAtreated cells were harvested, washed and resuspended in fresh medium. The resuspended bacteria were incubated at 37 "C in a shaker water bath, and the concentration of carotenoids formed was then estimated in extracts of samples obtained at intervals.
RESULTS
Mutagenesis.
The minimal inhibitory concentration of MNNG was 50 to 100 pg ml-1 in nutrient broth. The frequency of occurrence of mutants increased with the concentration; the highest frequency was found at about 500 pg MNNG ml-l and was higher when plating was delayed rather than done immediately (Fig. 1 a) . When the bacteria were treated with MNNG at 1 mg ml-l for 10 min and platings were done at intervals after the removal of the mutagen, the maximum incidence of mutants was obtained after 4 to 5 h (Fig. 1 b) . The frequency of occurrence of mutants was about lo%, indicating that MNNG was a highly efficient mutagen for M . aurum.
Bacterial phenotypes. Several surviving colonies differing in colour from the original strain A+ were cloned, and their pigments were screened on t.1.c. plates. Three clones were retained. Strain A, was pale yellow, strain A,, was colourless and strain A,, was ochre. The colourless strain (A,,) was not further examined. Judged from t.1.c. plates, strain A,, formed (0). After 10rnin exposure to MNNG (1 mg ml-I), bacteria were washed and resuspended in fresh medium and then plated after incubation at 37 "C for the times indicated. the same pigments as strain A+ but in much larger amounts. The quantitative analysis of the pigments formed by the two strains showed that the total concentrations of carotenoids were 2.4 and 128.0 , L L~ (100 mg dry wt bacteria)-l for strains A+ and AI3, respectively. Strain A,, was used for further mutagenesis and from it second-stage mutants NgR, (brick red), NgR, (salmon pink), NgR, (salmon red) and NgR1, (khaki) were isolated.
Carotenoid pigments. The visible spectra of 15 distinct pigments were obtained, and the spectral and chromatographic properties are summarized in Table 1 .
,!I-Carotene, a pigment widely distributed in bacteria, was not formed by M . aurum. The major pigment formed was pigment XI which was tentatively identified as leprotene on the basis of its retention on t. The absorption spectrum of pigment VII was indistinguishable from that of y-carotene, the known immediate precursor of p-carotene. However, because these bacteria form the bicyclic aromatic leprotene instead of p-carotene, we think that the pigment VII may not be y-carotene. The spectrum of pigment I11 was identical to the spectrum of pigment I (neurosporene). Pigment 111 moved less rapidly on t.1.c. plates than neurosporene and was tentatively identified as a dihydroxy derivative of the latter. In addition to lycopene (pigment IX), these bacteria formed two other lycopene-like pigments (pigments IV and VI) differing in their chromatographic properties.
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Distribution of the pigments. The distribution of the carotenoid pigments in the bacterial strains is shown in Table 2 . The major carotenes in strain A+ were pigments XI (45y0), I1 (14%) and I (13 yo); in strain AI3, which formed the same pigments in larger quantities, the distribution was XI (26%), I1 (10%) and IX (22%). Strain A, did not form any of the usual carotenes and accumulated three unknown yellow pigments (VIII, XIV and XV).
The major pigment accumulated by strain NgR, was pigment VII (chlorobactene ?), while strain NgR5 accumulated pigments I (19 yo), VII (19 yo) and VI (17 %). Pigments I1
and XI, the suspected end-products of carotene synthesis in M. aurum, were not found in the extracts of these mutants. Strains NgR, and NgRI3 differed in that the former accumulated pigments IX (58%), I (10%) and X (about 22%), while the latter accumulated IX (30 yo) and large amounts (60 yo) of an unknown pigment, V. Pigment VII (19 %) was found in extracts of strain NgR, but not in extracts of strain NgR13. All strains formed xanthophylls. The proportion of epiphasic pigments varied between strains and between experiments ( Table 3 ). The factors that may affect the amount of carotenoids that accumulate, such as the growth conditions or the age of the culture, were not investigated.
During the preparation of the pigments, particularly from strain NgR,, the acetoneinsoluble lipids contained a red precipitate. Extensive extraction with methanol did not solubilize this material, which was dissolved with the neutral lipids in chloroform. The red chloroform solution gave a spectrum identical with that of lycopene and when applied on t.1.c. plates it co-chromatographed with pigment IX (lycopene). Presumably, therefore, the red precipitate was lycopene that coprecipitated with the acetone-insoluble lipids.
Time course of carotenogenesis. When DPA-treated cells were harvested, resuspended in fresh medium and incubated without forced aeration, there was no accumulation of newly formed carotenoids. Forced aeration, either by incubation in a shaker water bath at 100 strokes min-l or in flasks containing magnetic stirrers, was required to obtain carotenogenesis. The time course of carotenogenesis (Fig. 2a) indicated that synthesis of the carotenoid pigments started within l h after removal of DPA. The spectrum of the total epiphasic pigments changed progressively after the removal of the inhibitor. The absorption maxima of the major end-product, pigment XI, were already detectable 2 h after removal of DPA, and the concentration of this pigment increased with time. The time of appearance of the hypophasic pigments varied widely from experiment to experiment, but was always late (Fig. 26) . These results are consistent with the conclusion that the epiphasic pigments were rapidly and sequentially formed. The late appearance of the hypophasic pigments made it difficult to decide whether they were formed by ancillary non-enzymic degradative reactions.
[-Carotene, which was not found in the extracts of strain A+ and the various mutants, was isolated from the bacteria after the removal of DPA.
D I S C U S S I O N
This investigation confirms the report that MNNG is an efficient mutagen in the mycobacteria (Konickova-Radochova & Malek, 1969) and supports the contention that mutants carrying genetic blocks affecting specific reactions in carotenoid synthesis might be useful tools in the investigation of these pigments throughout the genus Mycobacteriurn.
From the chemotaxonomic point of view, this study revealed that M . aururn is not capable of forming /?-carotene. Instead it formed pigment XI, which we tentatively identified as leprotene. The immediate precursor of pigment XI was probably pigment VII. This pigment had spectral and chromatographic properties identical to y-carotene; however comparison of the known structures of P-carotene, y-carotene, leprotene and chlorobactene (Liaaen-Jensen et al., 1964; Liaaen-Jensen, 1965 ) lead us to suspect that it might be chlorobactene.
The xanthophylls in M . aurum did not derive from the final end-products but seemed to be formed from an earlier branch-point, the exact location of which has not yet been established. On the other hand, because hypophasic pigments were found in the extracts of all the mutant strains, and appeared late in DPA-inhibition experiments, it is also possible that they were the products of ancillary non-enzymic reactions of the carotenes that accumulated in cultures maintained in the incubator for more than 8 d (the average generation time M . auruwi is 8 h). To resolve this question we are searching for mutants that do not form hypophasic pigments.
The isolation of strain A,, which differed from the parental strain A+ only in the amount and not in the nature of the pigments formed may indicate that the synthesis of these pigments is subject to regulation. <-Carotene, the known precursor of neurosporene, was not found in extracts of strain A+ or any of its mutants. Furthermore, our efforts to obtain a mutant that accumulated [-carotene have been unsuccessful. It is possible that the conversion of [-carotene into neurosporene occurred very rapidly in these strains making it difficult to isolate this compound in satisfactory amounts for analysis, and the failure to isolate mutants that accumulated it may signify that the early conversions from phytoene to neurosporene were catalysed by the same enzyme, as suggested by Liaaen-Jensen et al. (1961) . 
